Patients with chemo-refractory acute myeloid leukemia (AML) have a dismal prognosis. Chimeric antigen receptor T (CART) cell therapy has produced exciting results in CD19+ malignancies and may overcome many of the limitations of conventional leukemia therapies. We developed CART cells to target CD33 (CART33) using the anti-CD33 single chain variable fragment used in gemtuzumab ozogamicin (clone My96) and tested the activity and toxicity of these cells. CART33 exhibited significant effector functions in vitro and resulted in eradication of leukemia and prolonged survival in AML xenografts. CART33 also resulted in human lineage cytopenias and reduction of myeloid progenitors in xenograft models of hematopoietic toxicity, suggesting that permanently expressed CD33-specific CART cells would have unacceptable toxicity. To enhance the viability of CART33 as an option for AML, we designed a transiently expressed mRNA anti-CD33 CAR. Gene transfer was carried out by electroporation into T cells and resulted in high-level expression with potent but self-limited activity against AML. Thus our preclinical studies show potent activity of CART33 and indicate that transient expression of anti-CD33 CAR by RNA modification could be used in patients to avoid long-term myelosuppression. CART33 therapy could be used alone or as part of a preparative regimen prior to allogeneic transplantation in refractory AML.
INTRODUCTION
Acute myeloid leukemia (AML) is the most common form of acute leukemia in adults. 1 There have been only modest changes in the treatment of AML over the past 40 years and the prognosis remains poor with average 5-year survival rates of 20%. 2 Allogeneic stem cell transplantation remains the only potentially curative treatment in relapsed or high-risk disease but is associated with significant morbidity and mortality 3 ; in addition, outcomes for patients transplanted with refractory disease are poor 4 and almost half of patients with relapsed disease are chemorefractory and thus not suitable for transplantation. 3, 5 Novel strategies to induce remission are therefore crucial to improving the outcome of AML.
Chimeric antigen receptors (CARs) are synthetic polypeptides that are composed of an extracellular domain derived from a single chain variable fragment (scFv) isolated from a monoclonal antibody, a hinge region, a transmembrane domain, and an intracellular signaling moiety with a costimulatory domain. 6, 7 T cells bearing CAR (CART cells) combine the antigen specificity of a monoclonal antibody with the potent effector functions of T cells and may overcome the limitations of conventional AML cytotoxic therapy.
CART cell therapy has recently emerged as a potentially curative therapy in B-lineage malignancies. In early phase clinical trials, anti-CD19 CART cells resulted in a very impressive antitumor effect and long-term remissions in chronic lymphocytic leukemia, acute lymphocytic leukemia and diffuse large B-cell lymphoma. [8] [9] [10] [11] [12] [13] [14] [15] CD19 represents an ideal target for B-cell malignancies, because it is homogeneously expressed on malignant cells, its off-target expression is limited to normal B cells and because patients can tolerate prolonged B-cell aplasia. To our knowledge, there are no cell surface antigens that are unique to malignant myeloid blasts and that spare normal hematopoietic cells, implying that potent CAR-directed therapy for AML is likely to be myelotoxic. Indeed, we have shown that the preclinical antileukemic activity of anti-CD123 CART cells comes at the cost of significant myeloablation.
CD33 is a transmembrane receptor of the SIGLEC family that is expressed on myeloid cells. 16, 17 CD33 is known to be expressed on AML blasts and on normal myeloid progenitors. [18] [19] [20] Gemtuzumab ozogamicin (GO), an anti-CD33 monoclonal antibody conjugated to the immunotoxin calicheamicin, was the only new drug approved in AML in the past decade but was voluntarily withdrawn in 2010 due to unclear benefits in postmarketing clinical trials. However, a meta-analysis of subsequent clinical trials showed that the combination of chemotherapy with GO is associated with improvement in relapse and survival rates at 6 years, 21 indicating that CD33 likely is a viable target in AML.
We developed a CAR based on the GO scFv (referred to as CART33). Here we report the preclinical activity of CART33 and compare it with our previously published interleukin-3Rα-specific CART123. 22 We show that CART33 cells are able to eradicate human AML and myelodysplastic syndrome blasts, while resulting in significant myelotoxicity in mouse xenografts. To minimize the risk of long-term hematopoietic toxicity, we developed transiently expressed mRNA-modified CART33 with an increased therapeutic index that could be used in future clinical trials.
MATERIALS AND METHODS

Generation of CART cells
The pTRPE anti-CD33-41BB-CD3 zeta (CAR33) plasmid DNA was generated by cloning the light and heavy chain of the humanized and murine antihuman CD33 scFv derived from GO (clone my96) into the previously described murine CART19 plasmid vector. 23 Normal donor T cells were positively selected using anti-CD4 and anti-CD8 microbeads (Miltenyi, San Diego, CA, USA), mixed at 1:1 ratio and expanded in vitro using anti-CD3/CD28 Dynabeads (Invitrogen, Life Technologies, Grand Island, NY, USA, added on the first day of culture) with interleukin-2 at 50 IU/ml. T cells were transduced with lentiviral supernatant 1 day following stimulation at a multiplicity of infection of 3. The anti-CD3/CD28 Dynabeads were removed on day 6 and T cells were grown in T-cell media (X-vivo 15 media, human serum 5%, penicillin, streptomycin and glutamax) for up to 15 days and then cryopreserved for future experiments. Prior to all experiments, T cells were thawed and rested overnight at 37°C. Production of CART123 cells was previously described. 22 Generation of mRNA-modified CART33
The CAR construct from the pTRPE anti-CD33-41BB-CD3z plasmid was subcloned into the pDA vector 24 as previously published. In vitro transcription was performed using mMESSAGE mMachineT7 ULTRA Transcription Kit (Ambion, Life Technologies). The RNA was purified using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA). RNA-CAR33 was electroporated into T cells as previously described. [24] [25] [26] Electroporation was done using an ECM830 Electro Square Wave Porator (Harvard Apparatus BTX, Holliston, MA, USA).
Cells
The MOLM14 cell line was obtained from the ATCC (Manassas, VA, USA) and maintained in R10 media (RPMI media,10% fetal calf serum, penicillin, and streptomycin). MOLM14-cells transduced with luciferase-GFP under the control of the EF1α promoter (MOLM14-Luc) were used in some experiments as indicated. De-identified primary human AML and myelodysplastic syndrome (MDS) bone marrow specimens were obtained from the University of Pennsylvania Stem Cell and Xenograft Core facility. All samples were obtained after informed, written consent. For all functional studies, AML cells were thawed at least 12 h before analysis and rested overnight at 37°C. MDS bone marrow samples were positively selected for CD34+ cells using MACSQuant columns (Miltenyi).
Flow cytometry analysis
Anti-human antibodies were purchased from Biolegend (San Diego, CA, USA), eBioscience (San Diego, CA, USA) or BD Biosciences (San Jose, CA, USA). Cells were isolated from in vitro culture or from animals, washed once in phosphate-buffered saline supplemented with 2% fetal calf serum and stained at 4°C after blockade of Fc receptors. For cell number quantitation, Countbright beads (Invitrogen) were used according to the manufacturer's instructions (Invitrogen). In all analyses, the population of interest was gated based on time gating, followed by forward vs side scatter characteristics, followed by singlet gating, and live cells were gated using Live Dead Aqua (Invitrogen). Surface expression of anti-CD33 CAR was detected by staining with an Alexa Fluor 647-conjugated goat antimouse F(ab')2 antibody from Jackson Immunoresearch (West Grove, PA, USA). Flow cytometry was performed on a four-laser Fortessa analyzer (BD Biosciences). All analyses were performed using FlowJo X10.0.7r2.
T-cell function assays
T-cell degranulation and intracellular cytokine assays. Degranulation assays were performed as previously described. 27 Briefly, T cells were incubated with target cells at a 1:5 ratio. After staining for CAR expression, antibodies against CD107a, CD28, CD49d and monensin were added at the time of incubation. After 4 h, cells were harvested and stained for CD3 and Live Dead staining (Invitrogen). Cells were fixed and permeabilized (FIX & PERM Cell Fixation & Cell Permeabilization Kit, Life Technologies) and intracellular cytokine staining was then performed.
Proliferation assays. T cells were washed and re-suspended at 1 × 10 7 /ml in 100 ul of phosphate-buffered saline and labeled with 100 ul of carboxyfluorescein succinimidyl ester (CFSE) 2.5 uM (Life Technologies) for 5 min at 37°C. The reaction was then quenched with cold R10, and the cells were washed three times. Targets were irradiated at a dose of 100 Gy. T cells were incubated at a 1:1 ratio with irradiated target cells for 120 h. Cells were then harvested, stained for CD3, CAR and Live Dead aqua (Invitrogen), and Countbright beads (Invitrogen) were added prior to flow cytometric analysis.
Cytotoxicity assays. MOLM14-Luc cells or CFSE (Invitrogen) labeled primary AML samples were used for cytotoxicity assay as previously described. 28 In brief, targets were incubated at the indicated ratios with effector T cells for 4 or 16 h. Killing was calculated either by bioluminescence imaging on a Xenogen IVIS-200 Spectrum camera (PerkinElmer, Hopkinton, MA, USA) or by flow cytometry. For the latter, cells were harvested; Countbright beads and 7-AAD (Invitrogen) were added prior to analysis. Residual live target cells were CFSE+ 7-AAD − . For MDS, T cells were incubated with CD34-selected bone marrow at 1:1 ratio for 4 or 24 h as indicated, and cytotoxicity was then measured by flow cytometry or by fluorescence in situ hybridization using a probe to detect 5q deletion or monosomy 5 (EGR1 (5q31)/ D5S23, D5S721 (5p15.2)).
Secreted cytokine measurement. Effector and target cells were incubated at a 1:1 ratio in T-cell media for 24 or 72 h as indicated. Supernatant was harvested and analyzed by 30-plex Luminex array according to the manufacturer's protocol (Invitrogen).
In vivo experiments
NOD-SCID-γ chain − / − (NSG) and NSG mice transgenic for human interleukin-3, stem cell factor and granulocyte macrophage colonystimulating factor (NSG-S) originally obtained from Jackson Laboratories were purchased from the Stem Cell and Xenograft Core (University of Pennsylvania). All experiments were performed on protocols approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania. Schemas of the utilized xenograft models are discussed in detail in the relevant figures and the Results section. Cells (MOLM 14-Luc, primary AML cells or T cells) were injected in 200 ul of phosphate-buffered saline at the indicated concentration into the tail veins of mice. Bioluminescent imaging was performed using a Xenogen IVIS-200 Spectrum camera. Images were acquired and analyzed using Living Image version 4.4 (Caliper LifeSciences, Inc., PerkinElmer). Humanized immune system mice were created at the Stem Cell and Xenograft Core by injection of fetal liver CD34+ cells into newborn NSG mice and were used at approximately 8 weeks of age.
Histology and immunohistochemistry
Formalin-fixed, paraffin-embedded sections from mouse femurs were stained with hematoxylin and eosin and counterstained with antibodies to human CD45 (M0701, Dako) and human CD34 (PA0212, QBEND10). Immunohistochemistry staining of 28 formalin-fixed paraffin-embedded normal human tissues (adipose, adrenal, appendix, cerebellum, cervix, colon, endometrium, esophagus, fat, heart, kidney, liver, lymph node, lung, muscle, ovary, pancreas, parathyroid, placenta, prostate, salivary, spinal cord, spleen, stomach, testis, thymus, thyroid, tonsil) was done in order to evaluate off-tumor expression of CD33 (triplicates). This was performed on a Leica Bond-III instrument (Leica Biosystems, Buffalo Grove, IL, USA) using the Bond Polymer Refine Detection System (Leica Biosystems). Antibodies against CD33 (Novocastra/Leica, NCL-L-CD33, Leica Biosystems) were used undiluted. Heat-induced epitope retrieval was done for 20 min with ER2 solution (Leica Microsystems AR9640, Leica Biosystems). Images were digitally acquired using the Aperio ScanScope (Leica Biosystems).
Statistical considerations
All statistics were performed using GraphPad Prism 6 (La Jolla, CA, USA) for windows, version 6.04.
RESULTS
CD33 as a target in AML and CART33 constructs
To verify the clinical relevance of CD33 as a target for immunotherapy in AML, we first assessed the level of expression of CD33 in AML. Consistent with the literature, 16, 20, [29] [30] [31] CD33 was expressed on the majority of AML blasts in primary AML samples as well as in bone marrows from MDS patients (Figures 1a and b ).
CD33 was also expressed on myeloid lineages in normal bone marrow and on resident macrophages in the liver, lung and kidneys ( Figure 1c ). To test the efficacy of CART33, we designed four constructs derived from the original murine clone my96 and from a humanized version of the same scFv. Two constructs utilized an immunoglobulin G4 (IgG4) hinge and two constructs used CD8 hinge (Figure 1d , Supplementary Figure S1 ).
CART33 therapy shows potent in vitro activity against AML cell lines, primary AML samples and MDS. We tested the activity of the four different CART33 constructs in vitro and compared each to the CART123 that we previously described. 22 Humanized CART33 was consistently superior to murine CART33 (data not shown), and therefore all subsequent studies were performed on the two humanized CART33 constructs. As a model tumor, we employed the MOLM14 cell line (CD33 and CD123 expression on MOLM14 is shown in Supplementary Figure S2a ). Incubation of CART33 with MOLM14 resulted in significant degranulation (Figure 2a ), potent cytotoxicity at low effector:target ratios (Figure 2b ), extensive proliferation ( Figure 2c ) and robust cytokine production ( Figure 2d , Supplementary Figures S3 and S4) that was significantly higher than incubation with the control T-cell leukemia cell line Jurkat. The majority of CART33 cells produced two or more cytokines per cell after incubation with MOLM14, in a similar pattern to potent non-specific stimulation with PMA/ionomycin (Figure 2e ). This function has been associated with superior in vivo activity. 32 Furthermore, CART33 cells resulted in significant in vitro activity against primary AML samples (data not shown). CART33 with IgG4 hinge resulted in superior cytotoxicity compared with CART33 with CD8 hinge (Supplementary Figure S5 ). All of these in vitro experiments are representative of four independent experiments. CART33 and CART123 cells used in these experiments were produced from the same donor and expanded together under the same controlled Figure S4 . There was some variability in cytokine production between the donors, but when averaged out, CART123 and CART33 produced similar levels of cytokines. (e) CART33 cells produce more than one cytokine per cell in response to MOLM14. CART33, CART123 and UTD cells were incubated with MOLM14, or PMA/ionomycin. The cells were then fixed and permeabilized, stained for five different cytokines (tumor necrosis factor alpha, interferon gamma, granulocyte macrophage colony-stimulating factor, macrophage inflammatory protein 1b and interleukin-2), and flow cytometric analyses were performed. The majority of CART33 cells produce more than one cytokine in response to MOLM14, similar to their response to PMA/Ionomycin. conditions. They had similar CD4/CD8 ratio (Supplementary Figure S6 ). CART33 also exhibited significant in vitro activity in MDS. Selected MDS samples were positive for CD33 and CD123 and harbored a specific cytogenetic abnormality. CART33 activity was evident by specific degranulation of CART33 in response to CD34enriched bone marrow samples from MDS patients (Figure 3a) , specific killing after a 24-h incubation of CART33 with CD34enriched MDS samples (1:1 effector: target ratio, Figure 3b ) and the specific reduction of the malignant clone (measured by fluorescence in situ hybridization) after 4 h of incubation (Figure 3c ).
CART33 therapy results in reduction of leukemia burden and survival advantages in MOLM14 Engrafted xenografts
To test the in vivo activity of CART33, NSG mice were injected with MOLM14-Luc (Figure 4a ). After confirmation of engraftment by bioluminescence imaging, mice received a single injection of CART33 or control untransduced T cells (UTD) at different dose levels. Mice were then followed with serial imaging, and disease burden was quantified using bioluminescence. Mice treated with control T cells succumbed quickly to disease, whereas mice treated with CART33 cells showed significant reduction of the disease and a survival advantage (Figures 4b-d ). Furthermore, we observed a dose-dependent response (Supplementary Figure S7 ) in CART33-treated mice and superior antileukemic activity of CART33 with IgG4 hinge compared with CART33 with CD8 hinge (Supplementary Figure S8 ). For all subsequent experiments, only CART33 with an IgG4 hinge were used.
CART33 therapy results in eradication of leukemia in primary AML xenografts and in long-term survival Primary leukemia cells are likely more clonally heterogeneous than immortalized cell lines and hence are more representative of the human disease. We evaluated the efficacy of CART33 therapy in primary AML xenografts. NSG-S mice were injected with primary AML samples expressing CD33 and CD123 (Supplementary Figure  S2b) . We used NSG-S mice in this setting as engraftment efficiency of human AML has been shown to be improved using this model. 33 Disease burden was quantified in the peripheral blood by retro-orbital bleedings (Figure 5a ). Engraftment was defined as ⩾ 0.5-1% circulating huCD45+ cells and was typically achieved 2-4 weeks after injection of the leukemic cells. These mice were then treated with a single injection of CART33, CART123 or UTD cells (1 × 10 5 via tail vein injection). Leukemia was eradicated within 4 weeks of CART33 or CART123 injection (Figures 5b and c) and long-term survival was demonstrated (Figure 5d ). 
CART33 treatment results in hematopoietic toxicity
As CD33 is known to be expressed on myeloid progenitors, albeit to lower levels compared with leukemic cells, 16, 20, 31 we investigated the impact of CART33 on normal hematopoiesis. We used two different models to assess hematopoietic toxicity of CART33.
Humanized immune system mice postnatally engrafted with human fetal CD34+ cells were bled to confirm engraftment and then were treated with CART33, CART123 or UTD cells (Figure 6a ). Mice were bled weekly for 4 weeks. Mice were then euthanized, and bone marrows from these mice were collected for analysis. As expected, based on CD33 expression on myeloid lineage, these mice developed reduction in peripheral blood myeloid cells, including monocytes, compared with mice treated with UTD cells. Analysis of the bone marrow 4 weeks after treatment showed reduction of the CD34+CD38 − hematopoietic stem cell and the CD34+CD38+ myeloid progenitors by flow cytometry (Figure 6b ) or immunohistochemistry (Figure 6c ). The humanized immune system model is biased toward B-cell lineage, and so we employed a second model that is more myeloid biased. Here bone marrow from normal adult donors was T cell depleted and injected into busulfan-conditioned NSG-S mice. Autologous CART33, CART123 or UTD cells were generated by transducing peripheral blood T cells from the marrow donor with the relevant lentivirus (Figure 6d ). After confirming engraftment of these mice, they were treated with autologous CART33, CART123 or UTD cells and followed with weekly bleedings for a total of 3 weeks. Mice were then euthanized, and tissues were harvested and analyzed. Similar to the humanized immune system xenografts, we observed reduction in peripheral blood myeloid cells and monocytes and in the CD34+ marrow compartments in mice treated with CART33 as well as CART123 cells (Figures 6e and f) . We observed earlier reduction in monocytes in mice treated with CART33 compared with CART123, likely due to the higher levels of expression of CD33 on monocytes, compared with CD123 (Supplementary Figure S9 ).
Transient RNA-modified 'biodegradable' CART33 therapy results in potent but transient antileukemia activity As CD33 is expressed on normal hematopoietic cells and tissue resident macrophages (Figures 1a and c) , it is important to validate the potential therapeutic index prior to clinical application. We therefore developed RNA-modified CART33. Electroporation of T cells with RNA-modified CAR33 resulted in high level expression of CAR that gradually diminished over 7 days (Figures  7a and b) . When compared with lentivirally transduced CART33 (LV-CART33), RNA-modified CART33 cells have similar but transient in vitro activity. Incubation of MOLM14 with RNA-CART33 cells resulted in specific cytotoxicity comparable to LV-CART33 at E:T ratios of 1:1 and 2:1. Importantly, cytotoxicity decreased with time postelectroporation (Figure 7c ). We then tested the combination of RNA-CART33 therapy with chemotherapy in vivo. NSG mice engrafted with MOLM14 were treated with either the combination of cyclophosphamide (60 mg/kg intraperitoneally) for two doses plus RNA-CART33 or cyclophosphamide plus UTD. (10 × 10 6 T cells were given intravenously in three doses, Figure 7d ). Cyclophosphamide was used as a lympho-depleting regimen and has been shown to enhance RNA-modified CART cell persistence. 24, 25 RNAmodified CART33 therapy resulted in improved leukemic control and survival advantages (Figure 7e ). Figure 5 . CART33 treatment results in leukemia eradication and long-term disease-free survival in primary AML engrafted xenografts. (a) Experiment schema: NSG mice transgenic for the human cytokines stem cell factor, interleukin-3, granulocyte macrophages colonystimulating factor (NSG-S mice) were injected with a primary AML sample (5 × 10 6 intravenously (IV)). Engraftment was confirmed by retro-orbital bleeding after 2-4 weeks, and then mice were treated with CART33, CART123 or control vehicle (UTD cells). Total number of T cells injected was 1 × 10 5 IV. CART33 and CART123 cells had comparable transduction efficacy. The mice were followed with serial retro-orbital bleedings to assess the burden of leukemia. (b) Analysis of peripheral blood from mice treated with UTD, CART33 or CART123 at baseline, day 14 and day 70 after T cells injection. AML was not detected in mice treated with CART33 or CART123 starting 4 weeks after T-cell treatment. (c) Summary of disease burden measured by blasts/ul from retro-orbital bleedings at different time points as indicated. (d) Survival of mice treated with CART33, CART123 or UTD (n = 8 per group) (Po0.001 when treatment with CART33 or CART123 is compared with UTD).
DISCUSSION
In this study, we report the preclinical activity and safety of CART33 therapy in AML and propose a safety mechanism of 'biodegradable', transiently expressed CART33 as an approach to avoid prolonged toxicity when used in patients with refractory AML. This is the first preclinical report of the activity of CART33 treatment that includes comprehensive survival and toxicity data incorporating multiple mouse models as well as the antileukemic activity of RNA-modified CART33 cells. In this report, we use a second-generation 41BB-costimulated CART33, with an scFv derived from GO. CART33 cells exhibited potent effector functions against AML cell line and primary AML samples, including specific killing at low E:T ratios, degranulation, profound proliferation and robust cytokine production, and were also active against a MDS clone after only 4 h of incubation at 1:1 ratio. Treatment with CART33 also resulted in eradication of AML and increased survival in both MOLM14 and primary AML xenografts after a single infusion. We observed the expected myeloid hematopoietic toxicity with CART33 in two different humanized mouse models. Because of the potential myelotoxicity and concerns for CD33 Figure 6 . CART33 and CART123 treatment results in similar hematopoietic toxicity in two different humanized xenografts models (representative of six independent experiments). (a) Schema of Model no. 1: humanized immune system (HIS) mice were bled retro-orbitally 6-8 weeks after injection of human CD34+ cells derived from the fetal liver to confirm engraftment of human cells. Mice were then treated with either CART33, CART123, UTD cells (1 × 10 6 cells each) or with no treatment and followed by serial weekly retro-orbital bleedings. Mice were then euthanized on day 28, and organs were harvested and analyzed. (b) CART33 or CART123 treatment results in significant reduction in myeloid progenitors (CD34+CD38+) and in hematopoietic stem cells (CD34+CD38 − ). Representative FACS plots and summary statistics from bone marrow analysis by flow cytometry on day 28 at the conclusion of the experiment, gated on singlets, huCD45 dim , Lineage negative. (c) CART33 treatment results in reduction of the CD34+ compartment in the bone marrow by immunohistochemistry. Sections of the femur were taken from the mice on day 28 after treatment with UTD cells or CART33 cells. huCD45 and CD34 staining by immunohistochemistry was performed. No difference in huCD45 between control T cells and CART33, although both these groups show less huCD45 staining likely consistent with an allogeneic human-anti-human effect. There was specific reduction of CD34+ cells in mice treated with CART33. (d) Schema of Model no. 2: NSGS mice received busulfan intraperitoneally followed by 2 × 10 6 T-cell depleted bone marrow cells from a normal donor the following day. Engraftment was confirmed by flow cytometric analysis of peripheral blood after 4 weeks, and mice were then treated with 1 × 10 6 autologous CART33, autologous CART123 or UTD cells. Mice were then followed with retro-orbital bleeding on days 7 and 14 and were euthanized for necropsy on day 21. (e) CART33 or CART123 treatment results in significant reduction in myeloid progenitors (CD34+CD38+) and in hematopoietic stem cells (CD34+CD38 − ). Representative plot of bone marrow analysis by flow cytometry on day 21. CART33 and CART123 treatment resulted in significant reduction in myeloid progenitors (CD34+CD38+) and in hematopoietic stem cells (CD34+CD38 − ), Gated on huCD45 dim , Lin − . expression on resident tissue macrophages, we developed RNAmodified CART33 cells and show potent, but transient, in vitro activity. We also show an antileukemic effect by combining RNA-CART33 and lympho-depleting chemotherapy. Other preclinical reports of CART cell therapy in AML have been published. 22, [34] [35] [36] In addition to CD123-directed CART cells, CD44v6-directed CARs were also shown to have preclinical activity, but target expression is heterogeneous on leukemic blasts and is also expressed on monocytes and keratinocytes. 34 The preclinical activity of anti-CD33 chimeric receptor expressing EBV-CTL 37 and anti-CD33 CAR cytokine-induced killer (CIK) cells 36 have also been reported.
Our results differ from those of other groups that have published on anti-CD33-modified T cells in AML. Pizzitola et al. 36 reported the preclinical activity of CIK cells genetically modified to express CD33 CAR. A direct comparison of results is problematic, but we note that, in vitro, cytotoxicity of CIK CAR33 was inferior to our CART33 despite incubation at much higher E:T ratios. Pizzitola et al. 36 used KG-1-engrafted NSG mice and treated them with three doses of 10 × 10 6 redirected CIK cells with their best response being slowing of disease progression, while in our study a single dose of CART33 (dose of ⩽ 5 × 10 6 ) led to remissions and survival benefits. Although CIK CAR33 cells were reported to induce modest hematological toxicity, it is conceivable that this was simply a reflection of their diminished activity. These striking differences could be related to a myriad of variables that are known to affect CAR function and antitumor activity. Pizzitola et al. 36 used a third-generation construct that is derived from a different scFV, CD28/OX40 costimulatory domains, CIK as effectors, retroviral transduction, high-dose cytokines and OKT3 for stimulation and expansion. Our construct, on the other hand, is a secondgeneration CAR that uses 41BB costimulatory domain; our vector is a lentivirus vector and T cells are expanded using anti CD3/CD28 beads. In the present study, we used a similar backbone to that of our clinical CART19 studies. Although the optimal CAR design remains unknown, our clinical results from the CART19 trials have shown T-cell persistence and long-term remissions in patients with relapsed refractory acute lymphoblastic leukemia. [8] [9] [10] Our experiments also show that the IgG4 hinge is superior to the CD8 hinge in this particular model and with this particular scFv/target combination. The IgG4 molecule is significantly different from the CD8 molecule. It contains three times more amino acids, which could result in a more flexible hinge. This is an important observation that is different from our previous experience with CART19 23 (where the use of CD8 hinge was superior) and suggests that empirical CAR design is warranted for each new target. 23, 38, 39 The hematopoietic toxicity and reduction in myeloid progenitor as well as peripheral blood cytopenia we observed with CART33 in these preclinical studies is expected based on CD33 expression on leukemic as well as myeloid progenitors and was similar to that observed after CART123 treatment.
The CD33 expression on resident macrophages and especially on Kupffer cells raises concerns for hepatotoxicity when CART33 is applied in clinical trials. However, it is unknown whether Kupffer cell depletion leads to hepatotoxicity. Although GO was associated with hepatotoxicity and veno-occlusive disease, 40 this could have been related to calicheamicin, as other CD33-targeted therapies were not associated with significant hepatotoxicity; treatment of acute lymphoblastic leukemia with inotozumab ozogamicin (an anti-CD22 antibody conjugated to calicheamicin) resulted in similar rates of hepatotoxicity to that seen with GO. 41, 42 Two studies reported on the feasibility of CART cell therapy in AML. 43, 44 Ritchie et al. 43 published a study of anti-Le-Y CART cell therapy in AML, indicating that this approach is feasible in highly proliferative malignancy such as AML. Importantly, an AML patient was recently treated with CIK-CART33 in the Chinese PLA General Hospital. Although the efficacy of their CART33 was transient, only mild fluctuations in bilirubin were noted, indicating that this approach may be safe in patients with refractory AML. 44 Nonetheless, potential for off-target toxicity with the use of CART33 mandates the incorporation of transiently expressed rather than permanent CAR in clinical trials, particularly with potent constructs. Our group has had extensive experience with RNA-modified CARs in preclinical models, 24, 25 and a phase I trial of RNA-modified antimesothelin CART cells in patients with solid tumor at our institution showed that this approach is safe and feasible. 45 Hence, we developed RNA-modified CART33 as a way to transiently express 'biodegradable' CAR in order to mitigate potential off-target toxicity.
We then tested the efficacy of combining multiple infusions of RNA-modified CART33 cells with cyclophosphamide as lymphodepleting chemotherapy in AML mouse xenografts (Figure 7d ). This combination resulted in deeper and longer responses and in survival advantages for these mice.
Collectively, our observations highlight several potential translational applications for RNA-modified CART33 therapy. This can be used alone or in combination with chemotherapy to render patients with relapsed refractory AML transplant eligible. In addition, RNA-modified CART33 can potentially be incorporated in conditioning regimens prior to allogeneic stem cell transplantation. The use of RNA-CART33 would allow subsequent stem cell transplantation. In contrast, due to the persistence of LV-CART33 cells, a donor graft would likely be rejected.
Once the safety and feasibility of a biodegradable CART33 has been demonstrated in patients, future strategies could include lentiviral CART33 with an 'off' switch, such as a suicide gene. 46 Furthermore, our findings suggest that both CART33 and CART123 are effective against AML and open up new therapeutic horizons in combinatorial targeted cellular therapy.
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